During a maximum cardiopulmonary exercise testing (CPET), also known as ergospirometry (1) , an integrated evaluation of the cardiorespiratory responses is possible through the quantification of expired volume and analysis of gas fractions. Among the various indices obtained during CPET, the O 2 pulse, the ratio between oxygen consumption (VO 2 ) and heart rate (HR), is one of the most important, due to its physiological and clinical implications (2) . By rearranging the Fick equation, it is numerically equivalent to the product of stroke volume and the arteriovenous oxygen difference. Although the arteriovenous oxygen gradient is directly related to maximum aerobic power, its curve profile during progressive maximal exercise testing is relatively uniform for almost all subjects, excluding those with some specific myopathies (3) .
Thus, different investigators using distinct populations and/or clinical and sports settings have proposed that the O 2 pulse can indirectly reflect stroke volume, so that both the maximum value and the curve shape, which are a function of CPET duration, will be directly associated with cardiac inotropism and lusitropism (4) (5) (6) (7) (8) (9) (10) . In this context, several studies have shown that relatively low maximum O 2 pulse values are associated with a lower survival rate among middle-aged individuals as well as patients with heart failure (11, 12) , most likely reflecting impaired inotropic and/or lusitropic capacity and then disturbing the stroke volume response to exercise. In addition, the shape of the O 2 pulse curve during progressively more intense exercise is equally important, since it may be altered in a variety of situations, such as the presence of coronary artery disease (3, 13) . Therefore, recent evidence has pointed to a role for O 2 pulse data as an important clinical tool to detect severe myocardial ischemia (10, 14, 15) .
Despite the possibilities of using the O 2 pulse profile during CPET in a clinical context, various factors such as protocol differences may affect the stability of the determinant variables, VO 2 and HR, during CPET and consequently, the O 2 pulse (16). Thus, for a more consistent interpreta-www.bjournal.com.br
Braz J Med Biol Res 44 (7) 2011 tion of this variable -maximum O 2 pulse value and curve shape -, it is worthwhile to know its intra-individual variability over a given time interval, which is also called late reliability or stability. However, at the best of our knowledge, stability of the maximum value and shape of the O 2 pulse curve during repeated annual evaluations in healthy and young athletes has not yet been determined. Thus, our objective was to determine if the O 2 pulse -maximum value relative to body mass and curve shapeis stable in young and aerobically fit athletes over a given period of time.
Material and Methods

Sample
We retrospectively analyzed data from sports medicine evaluations of 207 professional soccer players from the first professional league of Brazil (Rio de Janeiro) and Angola overseen by our research team from January 2005 to January 2010. Only players who met the following inclusion criteria were selected for the study: a) having undergone at least two truly maximum CPETs (see criteria in the next section); b) not having interrupted the sports training routine due to injury for more than three months between evaluations; c) not having changed clinical condition or regular use of potentially relevant medications (capable of affecting HR and VO 2 ) between the two CPETs; d) presenting a difference of 15 bpm or less in maximum HR between the two evaluations, and e) having remained in the same soccer club between evaluations. The players included in this study were also subjected to clinical evaluation to rule out the existence of relevant illnesses that could affect the results or competitive eligibility. Any resting electrocardiogram abnormalities compatible with an athlete's past and present sports history were identified and, when necessary, confirmed as physiological adaptations based on echocardiogram findings (17) . Furthermore, as part of the medical-functional evaluations of these players, resting spirometry, anthropometry, body composition, balance, agility, flexibility, muscle strength and power, and cardiac vagal tone were also assessed. It should be emphasized that all subjects were elite athletes, competing for several years at a high level in their respective professional leagues, following training protocols commonly observed for this sports modality.
After applying the inclusion criteria, we were able to select 49 players, 38 Brazilians and 11 Angolans. Age, body mass, and height of the players ranged from 18 to 31 years, 57.5 to 92.7 kg, and 165 to 190 cm, respectively. The average interval between evaluations was 12 months, ranging from 2 to 24 months. Before data collection, all subjects signed an informed consent form explicitly authorizing the procedures undertaken and the use of the data (excluding identifiable information) for research and statistical purposes. Helsinki declaration procedures were followed. The use of our data for retrospective analysis has been formally approved by an institutional Ethics Committee (SINEP-MS/SUPREMA).
Maximum cardiopulmonary exercise testing
We used a single ramp protocol on an ATL Master treadmill (Inbrasport, Brazil), aiming to achieve a maximum duration of 10 to 15 min. After 1 min at 5.5 km/h, the velocity was suddenly changed to 8 km/h and then increased by 0.1 km/h every 7.5 s (0.8 km/h for each minute). Immediately after maximum tolerable velocity was reached, the treadmill velocity was reduced to 5.5 km/h and then maintained for 2 min. Considering the characteristics of soccer, no treadmill incline was used. The criteria we adopted to guarantee a maximum test were: a) voluntary exhaustion achieved despite intense verbal stimulation and accompanied by a maximum effort sensation (a grade of 10 on the Borg 0-10 scale); b) ventilation curve pattern suggesting that a ventilatory threshold was surpassed, and c) a respiratory exchange ratio greater than 1.1. The maximal HR obtained was not used as a criterion to define maximum CPET. None of the CPETs were interrupted early for clinical reasons or due to technical problems with the execution. The expired gas was collected through a preVent™ Pneumotach (MedGraphics, USA) attached to a mouthpiece in order to collect saliva. A nose clip was also used to warrant complete nasal occlusion. Pulmonary ventilation was quantified, and the partial oxygen and carbonic gas fractions were analyzed and expressed every 10 s by a VO2000 Metabolic Analyzer (MedGraphics), which was periodically calibrated with a 2-L syringe and with gases of known concentrations.
Cardiorespiratory measurements
Considering the clearly non-linear increase in energetic requirements during the first 2 min of the ramp protocol, due to the transition from rest to a low-intensity run (quickly changing from approximately 1.5 to 9 metabolic equivalents), data analysis was started at the end of the second minute of the CPET, when the treadmill velocity reached 8.8 km/h. HR was sampled every 10 s from a continuous record in a single lead (normally CC5 or CM5) obtained from a Micromed digital electrocardiograph with the Elite ErgoPC software, versions 3.2.1.5/3.3.6.2 (Micromed, Brazil). Subsequently, in order to eliminate possible artifacts, HR values were visually confirmed, and when the difference between two consecutive 10-s measurements exceeded 5 beats, the electrocardiographic tracing was visually inspected, the duration of 5 RR intervals was precisely measured, and HR values corrected. In fewer than 3% of cases, due to tracing artifacts, HR values had to be interpolated by assuming linearity of the curve. Maximum HR was defined as the highest HR value recorded from the 10-s interval readings during CPET. VO 2 (L/min) values were also obtained every 10 s by direct analysis of the expired gases. Then, 1-min VO 2 val-ues were calculated from the average of the six readings obtained at each minute, which were then normalized to body mass; maximum VO 2 was taken as the greatest 1-min VO 2 value. O 2 pulse was calculated every 10 s from the VO 2 /HR ratio. The same criterion described above for VO 2 was applied to determine the maximum O 2 pulse value. Again, in order to eliminate the influence of body mass on O 2 pulse values, an effect that occurs with VO 2 , the values were also expressed by dividing the absolute O 2 pulse (mL O 2 . kg -1. min -1 ) by the athlete's body mass (kg), as done in other studies (11, 12) . To facilitate reading of the data, the relative O 2 pulse values were multiplied by 100 in all calculations, tables, and figures of the study.
Statistical analysis
Since some of the variability was likely to occur in the aerobic fitness of the players and, therefore, in the two CPET durations, the VO 2 , HR, and relative O 2 pulse values were calculated at every 10% of the maximum running time (beginning at 8.8 km/h) for each evaluation. We compared the HR, relative VO 2 and O 2 pulse values every 10% of the individual time interval during CPET by two-way ANOVA (with group and % of CPET duration as factors), with Bonferroni's corrections as post hoc procedures as needed.
By linear regression analysis, the coefficients of determination and the slope and intercept values of the relative O 2 pulse curves as a function of % of the CPET duration were obtained. For comparisons of these variables and for other measurements taken in the study, such as age, body mass, height, and resting HR, a two-tailed paired t-test was used. Finally, to more closely analyze the final part of the maximum CPET, we identified the number of players that did not show an increase of more than 1% in relative O 2 pulse values between the last 2 min of the CPET, meaning that they had a plateau or a decline at the end of the curve, and compared their frequency for the two maximum CPETs by the chi-square test.
We considered P < 0.05 as the criterion for statistical significance. All data are reported as means + SD, except where specifically noted, and all analyses were carried out using the Prism 5 software, version 5.01 (GraphPad, USA).
Results
The body mass of the players was slightly greater (around 1 kg) at reevaluation (P < 0.01), but height (P = 0.16) and HR at rest (P = 0.79) did not change. The maximum velocity reached, and thus the duration of the CPET, were also slightly greater at reevaluation (P < 0.01), increasing, on average, by 0.4 km/h and 30 s, respectively. The VO 2 and the velocity reached at the anaerobic threshold (P = 0.95) were virtually identical in both evaluations, while HR was 3 bpm less at reevaluation, with no significant difference between them.
ANOVA indicated that the values for relative VO 2 , HR, and relative O 2 pulse progressively increased, essentially every 20% of the CPET duration (P < 0.01). However, when the results of the two evaluations were compared, HR was highest in the first evaluation between 10 and 30% of the maximum CPET time and remained stable from then on, but neither VO 2 nor O 2 pulse differed during any of the time ranges analyzed (P > 0.05). Table 1 shows the demographic Data are reported as the mean ± SEM (range). CPET = cardiopulmonary exercise testing; HR = heart rate; AT = anaerobic threshold; Max VO 2 = maximal oxygen consumption; Max O 2 pulse = maximal oxygen pulse. *P < 0.05 compared to the first evaluation (two-tailed paired t-test).
characteristics and the main cardiorespiratory responses of the players during the two CPETs.
The mean values of the coefficients of determination of the relative O 2 pulse curve as a function of CPET duration were virtually identical in the first and second evaluations, i.e., 0.64 and 0.63, respectively. The slope and intercept values of the relative O 2 pulse curves were 0.013 ± 0.007 and 23 ± 3.1 for the first evaluation, and 0.012 ± 0.007 and 23 ± 4.3 for the second evaluation, respectively. There were no significant differences when the slopes (P = 0.44) and the intercepts (P = 1.00) of the relative O 2 pulse curves were compared between the two CPETs. Data from the final 2 min of CPET showed that 15 (30%) players had a plateau or a decline at the end of the relative O 2 pulse curve in the first evaluation, and 25 (51%) in the second evaluation (P = 0.06); this phenomenon coincided for just 8 players in the two evaluations.
Discussion
The present study sought to determine the stability of the relative O 2 pulse curves in a group of elite professional soccer players who were reevaluated after an average interval of 1 year. We should emphasize that since this is a retrospective study, and because the players were selected consecutively, excluding only those who did not meet the inclusion criteria, this can be considered a blind study. In other words, at the time the CPETs were performed, the physicians responsible for administering the procedure did not know that the results obtained would be subsequently used for a study that would evaluate the stability of the relative O 2 pulse curve.
Although O 2 pulse and, very likely, stroke volume tend to progressively diminish during a 40-min exercise at a workload equivalent to 80% of the anaerobic threshold (2), during the running phase of a progressive incremental treadmill exercise testing the relative O 2 pulse tended to increase linearly, starting at a velocity of 8.8 km/h with no incline added. This was shown by the high coefficients of determination obtained in the two evaluations, as well as by ANOVA, and it was especially true for up to 90% of the duration of the CPET running phase. Thus, the maximum mean values and the intercepts of the slopes of the regressions showed that maximum baseline and relative O 2 pulse behavior during almost all the CPETs were quite stable and similar for the two evaluations. As expected, among healthy young men who remained engaged in training routines for competitive soccer, neither maximum VO 2 nor maximum HR substantially varied over 1 year. Although there is a tendency for a maximum HR reduction with increasing age, a significant decrease was not expected during the short period of our study (18) . Additionally, studies have shown that aerobic training does not tend to affect maximum HR (19) . With respect to the HR values at submaximal exercise intensities, it was observed that during the first three-tenths of the running time analyzed (10, 20 , and 30%), HR was significantly lower in the reevaluation. These results may be due to non-physiological factors such as lower pre-CPET anxiety resulting from a prior exposure to the same situation, or, more probably, due to a greater mechanical efficiency while running at lower treadmill velocities (greater habituation) (20) , reflected by values that were approximately 5 bpm and 4% lower for HR and relative VO 2 , respectively, at velocities of 9.6 and 12 km/h in the reevaluations. Interestingly, although the maximum values of VO 2 and HR did not change between the two evaluations, the players were able to run longer and to reach a higher maximum velocity (18.5 ± 0.9 vs 18.9 ± 1.0 km/h) in the reevaluation, most likely due to an improvement in mechanical efficiency for treadmill running and/or in anaerobic capacity.
In this study, the O 2 pulse was normalized to body mass. Thus, because we observed no significant difference between the evaluations for maximum values of VO 2 and HR, the maximum O 2 pulse value also remained stable despite a minimal increase in the average body mass of the players at reevaluation. In addition, at submaximal intensities (10 to 90% of CPET duration), the relative O 2 pulse values did not differ among the percentiles of the running time analyzed in the two evaluations, which was also true for the somewhat lower HR values at the first three intensities analyzed in the reevaluation.
As indicated by the high coefficients of determination, the linear regression model fit quite appropriately the relative O 2 pulse curves. Beginning at values around 23 (mL O 2 . beat -1. kg -1 ), the relative O 2 pulse mainly showed an increasing behavior that was similar during the two CPETs, as indicated by the positive slopes of the linear regressions. Recent scientific evidence (21, 22) and other unpublished data from our laboratory corroborate these findings, suggesting that stroke volume (represented by the O 2 pulse) may continue to increase in individuals with good to excellent aerobic conditioning until the end or nearly the end of a truly maximum CPET. In addition, there is no plateau at just 40-50% of maximum VO 2 , as was traditionally proposed from data using non-uniform protocols with staggered loads in an exercise test (23) . However, it should be emphasized that the relative O 2 pulse curve profile (and probably stroke volume) may stabilize, or even decline, at the very end of a maximum CPET among healthy young men who are highly motivated, having good to excellent aerobic conditioning. Statistically, the values of the relative O 2 pulse tended to remain unchanged after 80 and 70% of the duration of maximum CPET in the first and second evaluations, respectively, suggesting a damping of the linearity of the responses. In fact, we observed that 30-50% of the players met the criteria proposed for a plateau or decline of the relative O 2 pulse curve in the last 2 min of the CPET, indicating that, in many cases, the relative O 2 pulse may stabilize at intensities close to maximum effort. This is not necessarily related to myocardial ischemia and/ or left ventricular dysfunction and may be considered a physiological limitation of cardiac inotropism or lusitropism. In practice, as can be observed in Figure 1 , there were no differences in the last two measures of relative O 2 pulse in the reevaluations. This means that the players managed to run a little longer without a substantial increase of VO 2 or a variation of HR, suggesting that the physiologic limit was probably reached secondary to stroke volume.
Various factors can influence the stability of a given physiological variable measured at consecutive CPETs, many of which are difficult to control. For example, although all players were instructed to avoid exhaustive exercise in the preceding 24 h and not to ingest large quantities of food in the hours prior to the CPET, it is possible that these instructions were not followed uniformly. Other causes may include the amount of time spent sleeping on the previous day, the player's emotional status, and the time of day when the CPET was performed. Considering these factors, the scientific literature has reported (16, (24) (25) (26) that the coefficient of variation of VO 2 and HR at two consecutive CPETs is approximately 5%, with the possibility of a larger systematic variation at the beginning of exercise. However, even though such variations probably affect the stability of the maximum value and the shape of the relative O 2 pulse curve, no studies have directly evaluated the stability between two CPETs, separated by an interval of 1 year with a homogenous sample, as performed in our study. Additionally, studies that evaluated the stability of VO 2 and HR primarily used individuals with heart disease in their samples, which prevents a comparison of their results with the present ones.
O 2 pulse has been most commonly reported in the literature in absolute terms (mL O 2 /beat) (27) (28) (29) (30) ; however, VO 2 (and also cardiac output and stroke volume) depends on body dimensions and is directly proportional to the muscle mass involved in the exercise. Additionally, obese individuals have greater submaximal VO 2 values at the same exercise intensity than non-obese subjects (3) . Based on these arguments, O 2 pulse values in the current study, and in others from our research group (11, 12, 31) , were normalized to body mass (mL O 2 . kg -1. min -1 ). In addition, because normalizing VO 2 to body mass is already a common procedure in clinical practice, we believe that normalizing O 2 pulse to body mass is the best way to express this variable.
Even with our effort to minimize the intervening variables as much as possible and thereby increase the external validity of these results, the current study has some limitations: a) because the O 2 pulse is a variable that is mainly used in the clinical environment for prognostic stratification (11) and to detect myocardial ischemia (14) , we may speculate that the results obtained from healthy young men having good to excellent aerobic fitness may not be applicable to other populations of greater clinical interest. On the other hand, because the subjects most likely did not present changes in relation to their aerobic training routine during the period of data collection and did not exhibit cardiorespiratory illnesses that could affect the maximum value of their relative O 2 pulse curve, any changes in these variables represent patterns within normal variation and not pathological alterations, which are frequently observed in clinical practice; b) considering the nature of a competitive season in this sports modality, it would not be feasible to precisely control the volume and intensity of aerobic training of these players between the evaluations. However, having excluded those players who had relevant injuries that required prolonged training interruptions, and also considering that all players Figure 1 . Oxygen consumption (VO 2 ), heart rate (HR), and relative O 2 pulse curves expressed as a function of percent duration of cardiopulmonary exercise testing. *P < 0.05 compared to the first evaluation (two-way ANOVA).
belonged to top professional soccer clubs in Brazil and Angola, it is reasonable to expect that the training characteristics remained quite consistent along the competitive season. Supporting this belief, our data showed that the maximum aerobic power of the players was practically identical for both evaluations.
According to the present results, we may conclude that among healthy young men who are regularly active, having good to excellent aerobic fitness, the maximum value and the shape of the relative O 2 pulse curve during CPET are stable after an interval of 1 year for up to 90% of the maximum exercise intensity. In addition, an important finding of this study was that the behavior of the relative O 2 pulse was less stable and less predictable in the last 2 min of a maximum CPET ramp protocol, and a plateau or even a decline may occur in up to 50% of individuals with the characteristics of our population.
Because our results demonstrate stability of the maximum value of the relative O 2 pulse curve under wellcontrolled conditions, differences of this variable in a reevaluation may contribute to a better clinical understanding of disease states and therapeutic interventions (for example, physical training or medications). Future studies should evaluate the stability of these results (the maximum value and the shape of the O 2 pulse curve) when other variables change, such as gender, longer time intervals, other protocols/ergometers, among individuals of different ages, and in various aerobic and clinical conditions. A potentially even more interesting study would be to evaluate the diagnostic and prognostic implications of possible changes in these variables for a given individual.
